ABSTRACT. The Arctic Ocean has suffered extreme reductions in sea ice in recent decades, and these observed changes suggest implications in terms of moisture transport. The Arctic region is a net sink of moisture in terms of
Introduction
The Arctic region is currently experiencing extreme changes. The extent of sea ice has shown a downward trend in the last few decades for all seasons (Cavaliery and Parkinson, 2012; Polyakov et al., 2012; Comiso and Hall, 2014; Comiso et al., 2008; Parkinson and DiGirolamo, 2016) , reaching its lowest recorded September value in 2012 according to the satellite record (Fetterer et al., 2016) . Moreover, the melt season is lengthening , producing even longer periods without any sea ice at all over some regions. This situation is expected to increase under global warming (Holland et al., 2006; Wang and Overland, 2009; Overland et al., 2013) . This reduction in sea ice and its possible implications have been the subject of wide-ranging investigations in recent years. The effects of sea ice decline on the climate system have been of particular interest, and a detailed review of its local and remote effects was undertaken by Vihma (2014) . Any reduction in sea ice has a direct influence on moisture uptake, and increased evaporation over the region has already been found for the period 2003 (Boisvert et al., 2015 . Many previous authors have analysed the effect of decreasing sea ice on atmospheric circulation. Overland and Wang (2010) for example showed the influence of sea ice loss on patterns of atmospheric circulation. Furthermore, despite it is a subject under discussion, reduced sea ice has been suggested to affect mid-latitude weather for several authors. Recent results point to a link between sea ice reduction and extreme winter weather conditions in some Northern Hemisphere mid-latitudes regions (Wegmann et al., 2015; Cohen et al., 2014; Liu et al., 2012) . Moreover, a number of authors have highlighted a relationship between the decrease in sea ice and an increase in winter snowfall over Eurasia (Wegmann et al., 2015; Liu et al., 2012; Park et al., 2012) , but with the opposite relationship applying over North America, and in general at the hemispheric scale (Park et al., 2012) . So, there is a lack of consensus today on the link sea ice reduction-extreme winter weather depending on the analyzed region and much of the methods used to analyze the linkages.
Several studies have analysed the moisture budget for the Arctic region (e.g. Groves and Francis, 2002; Serreze et al., 2006) . From these studies, the Arctic region can be considered a net sink of moisture being specifically dependent on the moisture input by precipitation from lower latitudes (Serreze et al., 2006) . Despite this fact, and as commented before, the recent changes suffered on the Arctic and the intensification on the hydrological cycle in this region could have influences beyond the Arctic as well (e.g. Cohen et al., 2014; Vihma 2014) . As far as we know, no complete analysis of moisture transport from the Arctic has yet been undertaken. Due to the recent increase in the amount of open water in the Arctic Ocean, it is of crucial importance to analyse how this change can affect the moisture transport from the region. This analysis allows the identification of those areas affected by the Arctic contribution of moisture and the establishment of those regions most vulnerable to possible changes in moisture transported from the Arctic. For this purpose, the Lagrangian model FLEXPART was used in this study to establish the main sinks for moisture originating in the Arctic Ocean. Lagrangian models have previously been shown to be useful for investigating source-sink relationships (Gimeno et al., 2012) , and have been widely applied to this end in a number of previous studies (e.g., Nieto et al., 2007; Vázquez et al., 2016) .
Methods
The Arctic Ocean was divided into 15 different areas as shown in Figure 1 . This division follows the approach of Boisvert et al. (2015) in separating the Arctic Ocean into its more relevant areas. Despite the division of the Arctic Ocean can be realized in different ways, this division was chosen because it allows the analysis of the main Arctic Seas separately and it includes most of the sea ice covered areas (Parkinson et al., 1999; Parkinson and Cavalieri, 2008) . These 15 sub-areas are considered in this work as "source" regions. It is important to notice that the use of the term "source" is referred here to those regions from where particles were followed.
A Lagrangian approach was used to analyse moisture transport from the Arctic, based on the particle dispersion model FLEXPART v9.0 (i.e., the FLEXible PARTicle dispersion model of James (2004, 2005) ) and forced by ERA-Interim reanalysis data from the European Centre for Medium-Range Weather Forecasts (ECMWF). Data from this reanalysis cover the period from January 1979 and continue to be used, extending forwards in near-real time (Dee et al., 2011) . The data are available at six-hour intervals at a 1°x1° spatial resolution in latitude and longitude on 61 vertical levels (1000 to 0.1 hPa). Boisvert et al. (2015) .
The FLEXPART is a powerful tool model to conduct Lagrangian analysis that divides the global atmosphere into finite elements of volume (2 million in our experiment) with equal mass (hereafter "particles") and, it follows the air movement by tracking individual 3-D trajectories backward in time every 3 hours. These modeled trajectories allow identifying the main sinks of moisture or the main sources for a specific region in the world by analysing changes in specific humidity (q) in a forward or backward mode, respectively. Taking into account the changes in (q) it is possible to obtain the net rate of change of water vapour (e -p) for every particle (of constant mass m) along its trajectory using the expression (e -p) = m (dq / dt), where e and p represent evaporation and precipitation, respectively. The model assumes that the particles do not interact with the surrounding parcels of air. The total atmospheric moisture budget (E -P) is obtained by adding up (e -p) for all the particles over a given area at each time step. It is important to clarify that the (E -P) value, as calculated here, do not represent the total (E -P) balance over any specific region and cannot be compared with results obtained via a eulerian perspective. In our approach, the (E -P) values represent only the moisture change of those particles that come from the Arctic region. For further details on Lagrangian methodologies, and their comparison with another ones, for moisture transport analysis can be found on Gimeno et al. (2012) .
In this work, the methodology established by James (2004, 2005) were used in order to analyse the transport of moisture from the Arctic region (and subareas) and to investigate the areas of major moisture supply (sink regions, identified as those where E-P<0). For this purpose, all the particles over the Arctic region (as a whole and for individual areas) were forward followed during 10 days, the commonly used period as the average residence time of water vapour in the atmosphere (Numaguti, 1999) . The amount of particles considered for the computation is dependent on the area selected, being approximately 100000 for the complete Arctic Ocean initially well mixed horizontally and vertically at any time (Stohl and James, 2004) .
Despite being a useful tool on moisture transport analyses and to be widely used for this purpose (e.g. Stohl et al., 2008; Nieto et al., 2007; Gimeno et al., 2013) , FLEXPART model has some limitations. The limited resolution of input data, as well as their uncertainties and interpolation, is an important source of error, especially in areas of low data coverage (Schlosser et al., 2008; Scharchilli et al., 2011) . Stohl et al. (2001) suggest typical average errors of approximately 20% of the travel distance and accordingly to Bowman et al. (2012) globally averaged error of around 350 km can be found in lagrangian methodologies considering 6-h wind sampling for 5 days forward trajectories. These errors are mainly associated with the temporal resolution of input data (Bowman et al., 2013) . Moreover, there are numerical errors related with the temporal variation of the particles' moisture, which produces miscalculation on the moisture transport (Stohl and James, 2004) , and important uncertainties can be found if the method does not properly close the water cycle Gimeno et al. (2012) .
In this study, we consider the 36-year period 1980-2015 for the tracking of particles from the Arctic Ocean as a whole and from the individual regions described previously. Because the tracking is undertaken for 10 days, the moisture budget (E -P) over each grid cell was integrated for the whole period and hereinafter denoted as (E -P)i10, this amount showing those areas where particles acquire or lose moisture along their trajectories. The aim of this work is to analyze the moisture transport from the Artic region, and for that purpose, the particles from the ocean were followed along their trajectories. As we are interested in those areas with a net moisture contribution from the Arctic, only those regions showing negative values of (E -P)i10 were selected (Castillo et al., 2014) . Despite the model take into account moisture changes of particles along its trajectories from the Arctic, at the initial step of the simulation, all the moisture availability is considered; some of which should proceed from external areas. However, from this time and forward, only the processes over the trajectories are considered.
In order to analyze the amount of moisture provided by the Arctic Ocean compared with the total global amount, the global forward experiment is also considered in this work. The contribution to precipitation ((E -P)i10<0 values) calculated by tracking the trajectories from the complete world for 10 days was calculated for the period 1980-2015 and added over the complete Arctic Ocean. Considering this value as the total moisture contribution, the percentage of contribution over the complete Arctic Ocean is calculated seasonally for every one of the regions that form the area of study.
Results
The analysis described above allowed us to identify sinks for the moisture from the Arctic Ocean. Figure 2 represents the moisture contribution ((E -P)i10 < 0 values) from the whole of the Arctic Ocean (all the regions in Figure 1 taken together) on an annual and seasonal basis over its sinks (blueish colors in Figs. 2a and 2b-e, respectively) . In general, it can be observed that most of the moisture contribution from the Arctic Ocean occurs over the region itself, especially over the Central Arctic and East Greenland Seas, with the contribution over the Gulf of Alaska and the western coast of Greenland also notable. An important moisture contribution occurs over the Eurasian seas (from Barents to the Chukchi Sea), the Beaufort Sea, and the Sea of Okhotsk. However only the 20% of the Arctic moisture is exported outside, remaining the 80% on the Arctic Ocean itself. In seasonal terms, the spatial distribution of moisture contribution shows some variations. In spring (Fig. 2b) , a major contribution can be seen over the East Greenland Sea, on the southeastern coast of Greenland, and also over the Gulf of Alaska where an important contribution can be seen. Over the Central Arctic, and especially over its surrounding seas, the moisture contribution shows lower values than the annual mean. In general, the contribution in spring is seen over oceanic areas, although some contribution occurs over northeastern Russia, the west coast of North America, and northern Canada (values lower than 0.8 mm/day). In summer (Fig. 2c ) the moisture contribution increases considerably and is especially important over the Central Arctic, the East Greenland Sea, and Baffin Bay, although some high values (greater than 4.8 mm/day) appear over most of the Arctic Ocean. A generally less important contribution occurs over continental areas during summer. In autumn (Fig. 2d ) the moisture contribution from the Arctic Ocean shows a similar distribution to the annual mean. The contribution occurs in general over the whole Arctic Ocean, with the exception of the Bering Sea and most of the Norwegian and Barents Seas. Maximum moisture contribution is observed over the Central Arctic, the East Greenland Sea, the West Coast of Greenland, the Norwegian coast, and the Gulf of Alaska. During this season the moisture contribution is increased over the continental areas, especially over North Eurasia, North America, and Canada. Finally, in winter (Fig. 2e ) the moisture contribution is more evenly distributed, affecting the oceanic areas in general, but also revealing some contribution over the continents of North America and northern Asia. The most important contribution occurs over the East Greenland Sea, the Gulf of Alaska, and the Norwegian coast.
Figure 2. Geographical (E-P)i10<0 distribution from the whole Arctic Ocean annually (a) and seasonally (b-e), and seasonal cycle(f) calculated by adding the moisture supply at every grid point for the complete region and for each month. Asterisks represent maximum and minimum values for each month and vertical whiskers represent the standard deviation.
In order to show the annual variability of the moisture supplied by the whole Arctic Ocean, Figure 2f shows the monthly contributions. It can be seen that these are at their highest levels from June to October, with a maximum contribution in August, followed by September. For the remaining months, the contribution does not show important variations. As expected, this seasonal cycle seems to be influenced by the extent of the sea ice as the Figure 3 shows for four regions of our area of study: the Arctic Ocean, Canadian Archipelago, Barents and Bering Seas. Therefore, under lower values of sea ice extent, the sources supply more moisture to their sinks. In this figure red lines represent the sea ice extent over the specific region (calculated from Sea ice concentration data obtained from the NASA Goddard-merged parameter in the NOAA/NSIDC Climate Data Record (CDR) product (Meier et al., 2013) ) and blue lines represent the moisture contribution ((E -P)i10 < 0 values) over the sink calculated from each source. Minimum values on sea ice extent appear in late summer and early autumn (Cavalieri and Parkinson, 2012) , providing a greater amount of moisture available for precipitation during these seasons. In order to assess the moisture contributions from the different parts of the Arctic Ocean, Figure 4 shows the values of (E -P)i10 < 0 for each area indicated in Figure 1 . In general, in each case the maximum contribution occur over the area itself, especially for the Central Arctic and the surrounding seas (regions 2 to 9). The exceptions are the Barents Sea and Baffin Bay, which, despite they provide some moisture over themselves, show their maximum moisture contribution over the regions around them. For the Barents Sea, its contribution affects mainly the Central Arctic to the north of the source, the Kara Sea, the East Greenland Sea, and the Norwegian coast. The moisture contribution from Baffin Bay mainly affects the surrounding coastal areas and to a lesser degree the East Greenland Sea and the Norwegian coast, the Canadian Archipelago, Hudson Bay, and the Gulf of Alaska. Both these regions were previously identified as moisture sources for the Arctic: Baffin Bay represents an important moisture source for the Canadian Archipelago (Koerner and Russel, 1979) and for the Greenland ice sheet affecting its melt onset (Stroeve et al., 2017) . The Barents Sea was recently discovered to provide a significant amount of moisture for the Arctic system in winter (Vázquez et al., 2016) . These previous publications suggest that these regions could be considered evaporative areas for moisture entering the Arctic domain, which could explain the lower values in moisture contribution observed over them. For the remaining regions, the Canadian seas (the Canadian Archipelago, and the Beaufort and Chukchi Seas) provide some moisture contribution for the Gulf of Alaska, and the Eurasian seas show some influence over northern Russia, especially the East Siberian Sea. For those areas situated at lower latitudes (East Greenland, Baffin Bay, Hudson Bay, St. Lawrence, Bering Sea and the Sea of Okhotsk), the moisture contributions are more widespread. The East Greenland Sea mainly provides moisture for the oceanic regions around Greenland, and some contribution can also be observed over Hudson Bay and the Gulf of Alaska. The contribution of Hudson Bay is similar to that of Baffin Bay, but it has less of an influence over the East Greenland Sea and the Norwegian Coast. The St. Law contribution mainly affects the south of Greenland. The Bering Sea provides moisture over and around itself, affecting mainly the Chukchi, East Siberian and Laptev Seas, the Gulf of Alaska, and the Sea of Okhotsk. The moisture contribution from this last sea, the Sea of Okhotsk, affects north Pacific oceanic areas and some continental regions over Eastern and Central Russia.
The complete analysis of all the regions that constitute the Arctic Sea is plotted in Figures S1 to S14 (See Supplementary materials at http://publicaciones.unirioja.es/ revistas/cig2018/Vazquez_supplmat.pdf). These figures show the seasonal moisture contribution of each, together with the annual cycle (as Figs 2b-f) . In general terms, it is possible to see that the maximum moisture contribution occurs from July to September and the minimum from March to May for all regions (panel b in each Fig. S1-S14 ). Spring represents not only the season with the lowest contribution (panel b) but also with the lowest spatial distribution (panel a). Despite the highest contribution being in summer or autumn, in general, the greatest geographical spread occurs in autumn and/or winter, the exception being the Beaufort and Chukchi Seas (Figs. S4a and S5a). For both these sources, the moisture contribution in summer shows not only the highest values, it also affects the greatest area due to the increase in moisture contribution over the Bering Sea. Some regions show an increase in moisture contribution over Eurasia in autumn and winter, including the Central Arctic (Fig. S2a) , Baffin Bay (Fig. S10a) , East Siberian (Fig. S5a) , Laptev (Fig. S6a) , Kara (Fig. S7a) , Barents (Fig. S8a) and East Greenland Seas (Fig. S9a) . This increase can be observed in autumn for the Beaufort (Fig. S3a) and Chukchi (Fig. S4a ) Seas, and in summer and autumn for the Bering Sea (Fig. S13a ) and the Sea of Okhotsk (Fig. S14a) . It has been emphasized that although the Arctic Ocean (and its sub-areas is a net sink of moisture in a climatological global flux balance, it may also act as a source of moisture. In order to provide more context on the Arctic moisture contribution over its sinks, Figure 5 shows the percentage of the moisture contribution from each Arctic region over the complete Arctic Ocean itself. Those results were calculated taking into account the total moisture supply from the entire world (a forward running with FLEXPART was done for all the particles distributed in the complete atmosphere) over the whole Arctic Ocean (as considered in this work). Therefore, the moisture supply from the Arctic Ocean over itself represents approximately the 8% of the global moisture supply that comes from the rest of the Earth, being the Central Arctic (region 2), Barents Sea (9) and Greenland Sea (10) the regions that provide the major amount of moisture. Despite lower seasonal variation (lower than 1.5% for the total contribution), the percentage slightly increases in summer, and it is minimum in spring. 
Discussion
In general, it was observed that the Arctic moisture mainly remains over the region itself, being the contribution higher over oceanic areas and lower over continental ones. Despite almost the complete Arctic Ocean show some moisture contribution, the Norwegian Sea shows values close to zero. This region was previously found as an important evaporative area (Jakobson and Vihma, 2009 ) and even was found to be a moisture source for the Arctic Ocean (Vázquez et al., 2016) . These findings agree with our results, as the evaporation over the sea would result in lower values in the moisture contribution (calculated here as (E-P)i10<0 values).
The moisture transport from the Arctic as studied here shows some differences according to the regions and seasons. The moisture contribution shows higher values on summer, coinciding with the lowest sea ice extent. Some previous studies have suggested a maximum of precipitation over the Arctic region on summer months (e.g. Jakobson and Vihma, 2009), however, this fact does not seem to be only linked with sea ice decline, but also with the poleward moisture transport (Vázquez et al., 2016; Sorteberg and Walsh, 2008) . On winter and autumn, the moisture contribution from the Arctic region shows lower values. However, for these months some moisture contribution appears affecting continental areas, especially over northern Eurasia. This result is in agreement with previous publications that suggest an influence from the Arctic over Eurasia (Liu et al., 2012; Wegmann et al., 2015) . Wegmann et al. (2015) have suggested a relation between the increased moisture evaporation over Barents and Kara Sea and higher snow precipitation over Siberia in autumn. Despite from our results such relation cannot be addressed, some moisture contribution can be found from these seas (Figs. S7 and S8 ).
The present work constitutes the first attempt in order to analyze the moisture transport from the Arctic Ocean, not only for the complete region but also for the individual regions. Despite the methodology employed here was previously used for similar purposes (eg. Stohl et al., 2008; Nieto et al., 2007) , it has several limitations as listed previously. One of the most important limitations on analyzing the Arctic region is the lack of observation available to validation. Most of the Arctic information is provided by remote sensing sources and despite recent efforts were realized in order to obtain in situ measurement (e.g. Lopez-Moreno et al., 2016) , the characteristics of the region difficult this kind of products.
Conclusions
Characterization of the moisture contribution from the Arctic region was performed using a Lagrangian approach for the period 1980-2015.
In general, the moisture contribution from the Arctic occurs over the region itself, taking into account both the complete Arctic and its more relevant individual areas. Despite this local contribution, some influence on the surrounding areas was found on our results, affecting mainly North America and Eurasia during fall and winter, mainly from the central Arctic, the East Siberian Sea, the Laptev, Kara, Barents, East Greenland, and Bering Seas, and the Sea of Okhotsk.
The annual cycle of moisture contribution shows maximum values for late summer and early fall when the sea ice is at a minimum. Despite high values of total moisture contribution during summer, its distribution is mainly over the Arctic itself, having little contribution over the continental areas of Alaska and Eastern Asia.
The location of the main sinks for Arctic moisture is a first step in the analysis of the Arctic moisture transport and forms part of the investigation of the possible implications of changes in the Arctic in respect of the global climate. Of particular interest may be the analysis of the changes in Arctic moisture contribution over the Northern Hemisphere associated with maximum and minimum sea ice extents, which could form the basis of future work.
